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ZHUR/* Q56 K5257B/45 * SU -646-09: 

Axial compressor working blade - has specified periphery and bcs* 
profile with curve anale increasing towards blade end 
ZHURALEV YU i 21 .09.77-SU-52i729 
1 08. 02. 79 ) F04d-29/38 
The compressors blade's root and the periphery curves 
angle is gradually imcreased towards the ends in order 

to make the work more 
* ! e ' i economical. 

The blade which 
consists of the feather 
(1) and the tail (Z) has 
a. part (3) of the 
diminishing angle of 
curved profile.* rela- 
tive to the theoretical 
pressure line. The 
blades peripherv and 
the root parts (4) and 
(5) which represent 
10-15% of its height 
,r h ri - are made with the gradually increasing curve angle 
reaching at the ends (6) and (7; valves Ei and E2 which 
exceed the angle "E :l by 10-20%. 

In the multistage design, the additional energy expended 
on the parts (4) and (5) results in the uniform speed 
downstream of the wheel and the reduced angle cf entry to 
the next stage. Zhuravlev Yu. I. , Revzin B. S. , 
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siaiemifl yrna narM6a 6 :*a rpamraax 
ynacTxa 3 Ha 10 t 2 0%. 

.ripn pa6or© /WnflTKH B COCTaB CT/- 
neHH KOMnpeccopa aonomfHTeflbHbiA noo- 
Bon 3HeprHK b nepwJ)epHftHoft r xopne- 
Boft nacTHX 4 h 5 nonancH npH&oatrr x 
BbfpaBHHBaHmo nonsi cxopocTefl 3a pa6oHHM 
xonecoM k x yMem>ineHHK> yrjioa aTaxx 
Ha Bxoae b nqcHOflyjomyK) crryneHb, vro 
o6ecne*urr noBbimeme 3xohomhhhocth. 

OnncauHoe Texmreecxoe peuieHHe aene- 
coo6paaHO npHMeHATb una npeoBK/iioMeH- 
Hbix cTyneaeA, paaMeuiaeMbix nepen Mone- 
mipyeMbiM orcexoM, hto xapaxTepHo npn 
npo eKTHpo Ba u hh hoboto KOMnpeccopa Ha 
6ase HcxonHoro oTpafxrraHHoro xoMnpec— 
&opa. 

B 3T0M cnynae nocTaHOBxa npenBxnio- 
neHHbix CTyneHefl Mano OTpaaHTCH Ha 
amopax cxopocTeft Ha Bxone b MOflew- 
pyeMbift OTcex, ito iiosbojiht Tax*ce 

COKpaTHTb CpOKH ITpOeXTHpOBaHHfl HOBOrO 

KOMnpeccopa. 
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Pa6ona$? nonaTxa ocesoro KOMnpeccopa, 
hm jomas y^acTOK c yMeHbiuaioiHHMcq no 
BUCOTe yr/ioM H3TH6a npo4>H/i$i b cooTBer- 
ctbkh c ycnoBHeM nocTOAHCTBa Teopenf— 
necKoro Hanopa, OTJiH^aioniafl-. 
c j! TeM, mto, c uem>» noBbiwemifl 3x0- 

HOMHHHOCTH, nepH(J>epnflHafl H KOpHeBOfl 

MacTH nonaTKH r cocTaB/wiowHe 10 15% 
or BbicoTbi noc/ie/weft, BbinojmeHM c moho— 

TOHHO yBenffHHBaiOmHMCfl K KOHUaM HB 

10 r 2 0% yrnoM H3TH6a. 

HCTOHHHXH HH^OpMaUHH, IipHHHTbie BO 

BHHMaHHe'npH axcnepTHse 

1. K. B. XonweBHHXOB. Teopnn h 
pacneT aBHainioHHWx nonaTOHHbix maiuhHi 
M. MauiHHocTpoeHHe, 1970, c. 190- 
204. 

2. SHepreTHHecKoe MaiuHHocTpoeHHe 
cepHfl A, N? 3, H3tu MHocTpaHHaH rniTepa- 
rypa, 1961, c. 112, 116. 
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(54) RUNNER FOR HYDRAULIC MACHINE 
(11) 5-272444 (A) (43) 19.10.1993 (19) JP 

(21) AppL No. 4-68618 (22) 263.1992 
(71) TOSHIBA CORP (72) KOICHIRO SHIMIZU 
(51) Int. CI 1 . F03B3/12,F03Bll/04 



PURPOSE: To sup press vortex ca vita tion^ generated at a corner part between 
the band running water suriace and the negative pressure face side of a runner 
vane inlet tip part even in a high-speed compact hydraulic machine. 

CONSTITUTION: In the inlet tip part 4a of a runner vane 4 in a Francis turbine, 
an angle formed by the negative pressure face side 7 of the runner vane 4 
and the band running water suriace 5a is an acute angle smaller than 90°. The 
curved face of a root part 9 between the vane 4 and the band running water 
surface 5a is determined in such a way that the radius-of -curvature Rb of the 
vane inlet tip part 4a of the negative pressure face 7 is sufficiently larger than 
the radius-of-curvature Ra of the other parts. This radius-of-curvature Rb is 
obtained from experimentation and is 8mm or more at the time of converting 
the runner outlet diameter into 350mm. 
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(54) TURBINE VANE TRAIN 

(11) Kokai No. 52-74706 (43) 6^1977 (21) Appl. No. 50-150597 
(22) 12.19.1975 

(71) HITACHI SEISAKUSHO K.K. (72) TAKESHI SATO 
(52) JPC: 50B92;51B731 
(51) Int. CI 2 . F01D5/14 



PURPOSE: To prevent a lowering of a turbine efficiency by preventing a generation 
of a secondary flowing between turbine vanes. 

CONSTITUTION: A vane 14 bordered by both upper and lower side walls 12, 13 
within a definite length ahs an increasing vane width gradually from C| to C 2 
accompanied with approching to side walls 12, 13 within a range of 6 2 in the 
vicinity of side walls 12, 13. i.e. Against for a vane width C! of a former vane 
DCC'D', formed up to enlarge in the upper current side within a range of S 2 
respectively as ABD at the vicinity of an upper side wall 12 and as A'B'D' at 
the vicinity of a lower side wall 13. A vane form of an enlarged vane width as 
such has a coincided front surface P of within a range of a vane width Ci and 
C 2 , however back surfaces S, S' are increasing their vane thicknesses from back 
surfaces S to S' accompanied with increasing of a vane width from Cj to C 2 . 
For this sake a generation of a border layer between vanes, i.e. a secondary flow 
can be prevented. 
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(54) BLADE IN RETARDATION CASCADE FOR AXIAL- FLOW ROTARY 
MACHINE 

(11) 59-115500 (A) (431 371 M4 j !9) JP 

(21) Appl. No. 57-224039 (22) 22.12.1982 
(71) JIYUNJI UEMATSU (72) JIYUNJI UEMATSU 
(51) Int. CP. F04D29/54 

PURPOSE: To aim at an improvement of efficiency and a reduction in noise, by 
installing a projection in a part in close vicinity to a wall surface at the inflow 
end of a conventional retardation cascade, while making part of a main flow 
turn to a wait surface direction flow, reducing the secondary flow to some 
extent, and expanding a stall limit of the cascade. 

CONSTITUTION: Installing a projection 15 in a blade inflow end 10 nearby a 
blade wall surface 8. part of a main flow 13 is made to turn to a wall surface 
direction flow 16. with the effect of which a secondary flow 14 is reduced. In 
this connection, when the periphery of this projection 15 is expanded wider, as 
shown in the following illustration, a retardation effect in the secondary flow 14 
can be further increased when a taper part 18 connecting a part 17 being almost 
paralleled with the blade inflow end 10 and the latter 10 is installed. Doing like 
this, the secondary flow 14 is reduced whereby an improvement of efficiency is 
well promoted and. what is more, such a noise as caused by whistling action at 
a blade outflow end 11 is also reduced as a flow velocity of the main flow 13 
at the blade outflow end 11 is reduced. 
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ABSTRACT 

Computations, based on the ensemble-averaged compressible 
Navier-Stokes equations closed by the shear-stress transport (SST) 
turbulence model, were performed to investigate the effects of 
leading-edge airfoil fillet and inlet-swirl angle on the flow and heat 
transfer in a turbine-nozzle guide vane. Three fillet configurations 
were simulated: no fillet (baseline), a fillet whose thickness fades 
on the airfoil, and a fillet whose thickness fades on the endwall. 
For both fillets, the maximum height above the endwall is 
positioned along the stagnation zone/line on die airfoil under the 
condition of no swirl. For each configuration, three inlet swirls 
were investigated: no swirl (baseline) and two linearly varying 
swirl angle from one endwall to the other (+30° to -30° and -30° to 
+30°). 

Results obtained show that both leading-edge fillet and inlet 
swirl can reduce aerodynamic loss and surface heat transfer. For 
the conditions of this study, Jhe difference in stagnation pressure 
from the nozzle's inlet to its exit were reduced by more than 40% 
with swirl or with fillet without swirl. Surface heat transfer was 
reduced by more than 10% on the airfoil and by more than 30% on 
the endwalls. When there is swirl, leading-edge fillets became less 
effective in reducing aerodynamic loss and surface heat transfer, 
because the fillets were hot optimized for swirl angles imposed. 
Since the intensity and size of the cross flow were found to increase 
instead of decrease by inlet swirl and by the type of fillet 
geometries investigated, the results of this study indicate that the 
mechanisms responsible for aerodynamic loss and surface heat 
transfer are more complex than just the intensity and the magnitude 
of the secondary flows. This study shows their location and 
interaction with the main flow to be more important, and this could 
be exploited for positive results. 

NOMENCLATURE 

CI no airfoil fillet (Fig. 4) 

C2 fillet whose thickness fades on the airfoil (Fig. 4) 

C3 filet whose thickness fades on the endwall (Fig. 4) 

C x airfoil chord length projected on the X-coordinate 

h heat transfer coefficient (h = q* /(T w - Tj)) 

k turbulent kinetic energy 



M x average inlet Mach number based on X-component velocity 

NS no swirl 

P static pressure or pitch (Fig. 2) 

P ref reference static pressure (P^ is pressure at nozzle exit) 

q ' surface heat transfer per unit area ( -k3 T / d n ) 

SI, S2 nozzle inlet/outlet height (Fig. 2); also swirl 1/2 (Fig. 4) 

T w wall temperature 

Tj hot gas temperature at nozzle inlet 

Pi inlet averaged density 

Uj average X-component velocity of mainflow at nozzle inlet 

U t friction velocity of mainflow ( ^t w /p w ) 

X, Y, Z coordinate direction defined in Fig. 1 (X = 0 at nozzle exit) 

y + normalized distance normal to wall (pU t Y/u.) 
Greek 

K thermal conductivity 
v kinematic viscosity 
p density 

9 swirl angle (cos" 1 MJMd 
co dissipation rate per unit k 
Subscripts and Superscripts 
i inlet conditions 
w wall 

INTRODUCTION 

Secondary flows in airfoil passages such as horseshoe, 
passage, and corner vortices are generally considered detrimental to 
the performance and reliability of gas turbines (Langston, 2000). 
This is because secondary flow gets its energy from the main flow, 
and so is a source of aerodynamic loss. Also, they entrain higher- 
temperature gas in the main flow to the airfoils and the endwalls, 
and this can increase surface heat transfer. On film cooling, 
secondary flows can advect and lift film-cooling jets away from 
surfaces that they are intended to protect. These potentially adverse 
effects can be especially severe for low-aspect ratio, high-pressure 
turbines and highly loaded, low-pressure turbines. 

A number of design concepts have been advanced to minimize 
the intensity and size of secondary flows. One promising concept 
is endwall contouring, especially the contouring, which accelerates 
the main flow upstream of the airfoil and continues the acceleration 
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throughout the airfoil passage (see e.g., Deich, et al. (1960), Ewen, 
et al. (1973), Dossena, et al, (1999), Duden, et al. (1999), Burd & 
Simon (2000), Shih, et al. (2000), and Lin, et al. (2000, 2001)). 
Though promising, this design concept can only be applied to the 
first-stage stator, where there is a contraction in cross-sectional area 
from the combustor to the turbine. 

Another promising design concept is contouring the airfoil 
next to the endwalls, often referred to as airfoil fillets. This design 
concept has the advantage of being applicable to airfoil passages in 
any stage. Most of the research on airfoil fillets has been on 
wing/body junctures (see e.g., Pierce, et al. (1988), Davenport, et 
al. (1990), Pierce & Shin (1992), and references cited there). These 
studies were primarily concerned with the elimination of horseshoe 
vortices. They found that a pointed/sharp fillet on the leading edge 
of the airfoil (Fig. 1(a)) could reduce or eliminate horseshoe 
vortices. But, the "pointedness and sharpness" of the fillet must be 
aligned with the stagnation flow. For rounded fillets (Fig. 1(b)), 
they found the intensity and size of horseshoe vortices to increase 
with the radius of the fillet They also found the horseshoe vortex 
structure to be displaced further upstream of the leading edge. 

Very few studies have reported the use of airfoil fillets in gas 
turbines, where there are not only horseshoe-type vortices but also 
Dean-type vortices induced by the pressure difference between the 
pressure and suction sides of adjacent airfoils. Using leading-edge 
fillets to eliminate horseshoe vortices was recently proposed by 
Bancalari and Nordlund (1999), and then reiterated by Shih (2000). 
Zess and thole (2001) reported a combined numerical and 
experimental study on leading-edge airfoil fillet, and found that the 
pointed/sharp-type of fillet shown in Fig; 1(a) can indeed eliminate 
horseshoe vortices. They also noted that the turbulent kinetic 
energy is greatly reduced in the endwall region. Sauer, et al. (2000) 
studied a different type of fillet, one that enhances instead of 
diminishes horseshoe vortices. Their fillet, a bulb-type (Fig. 1(c)), 
is intended to intensify horseshoe vortices on the suction side in 
order to reduce the pressure-side-to-suction-side secondary flow. 

Thus, most research on secondary flows has been on how to 
suppress or minimize the intensity and size of secondary flows. In 
this study, that is not the objective. Instead, it is to investigate how 
secondary flows can be harnessed to produce positive results - 
even if secondary flows intensify. More specifically, the objective 
is to use computational fluid dynamics (CFD) to explore secondary 
flows induced by leading-edge airfoil fillet and inlet swirl in a 
nozzle guide vane and their effects on aerodynamic loss and 
surface heat transfer. Three leading-edge fillets are studied: no 
fillet (baseline), a fillet whose thickness fades on the airfoil, and a 
fillet whose thickness fades on the endwall. Since swirl can be 
quite high in magnitude at combustor exit (see, e.g., Goebel, et al. 
(1993) and van Fossen & Bunker (2001)), three inlet swirls were 
studied for each fillet configuration: no swirl (baseline) and two 
linearly varying swirl angle from one endwall to the other (+30° to 
-30° and -30° to +30°). These swirls are taken to simulate flow 
conditions from can-type combustors with fuel/air swirlers. 

PROBLEM DESCRIPTION 

A schematic diagram of one periodic section of the nozzle 
guide vanes studied is shown in Fig. 2. A three-dimensional (3D) 
rendering is shown in Fig. 3. For this linear cascade, the airfoil is 
two-dimensional (2D) with an axial chord length C x of 19.883 cm. 




Fig. 1. Basic leading-edge fillet geometries, 
(a) Sharp/pointed, (b) Rounded, (c) Bulb-type. 



... j.i .f— - L2 — • 




Fig. 2. Schematic of the nozzle vane studied (not drawn to scale). 




Fig. 3. Three-dimensional rendering of the nozzle vane studied. 

The actual chord length C is 31.8 cm. The pitch P between airfoils 
is 31.8 cm. On the endwalls, one is flat, and another is contoured. 
For the contoured endwall, the profile is made up of straight line 
with a 45° slope and a 45° arc with radius R of 24.41 cm. Note that 
all of the contouring is upstream of the airfoil (Figs. 2 and 3). This 
is the more traditional design in which contouring is not utilized to 
modify the flow within the airfoil passage. The distance from the 
inlet to the beginning of contouring LI is 58.4 cm; the distance of 
the contouring L2 is 35.8 cm; and the distance from the airfoil's 
trailing edge to the outlet L3 is 23.8 cm The nozzle has an inlet 
height SI of 44.45 cm and an outlet height S2 of 24.41 cm. 

For this 2D airfoil, three different leading-edge fillets were 
studied (Fig. 4): no fillet (baseline; referred to as CI 
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configuration), a fillet whose thickness diminishes on the airfoil 
surface (C2 configuration), and a fillet whose thickness diminishes 
on the endwall (C3 configuration). For both fillets, the maximum 
height above the endwall is positioned along the stagnation 
zone/line on the airfoil for the case with no swirl. Note that the two 
fillets studied are of the rounded type (Fig. 1(b)), which are known 
to increase horseshoe vortices instead of reducing them. 

The flow through the nozzle is air. At the nozzle inlet, the air 
temperature is uniform at T s = 300 K. The X-component (stream- 
wise) velocity at the nozzle inlet has a one-seventh power-law 
profile. Though this profile may not be the most realistic, it is no 
worse than any other profile in serving as a reference. In an actual 
combustor, the velocity profile at the turbine inlet can be incredibly 
complicated with large-scale turbulence structures, depending on 
the combustor design and operation. In this study, the averaged 
inlet Mach numbers based on the X-component velocity M x is 0.05. 
With an inlet temperature Tj of 300 K, the corresponding averaged 
X-component velocity V\ is 17.4 m/s, which give rise to a Reynolds 
numbers (Re) based on C* of 438,000. The turbulence intensity 
and the turbulent viscosity at the nozzle inlet are taken to be 10% of 
U 5 and 100 times the laminar viscosity, respectively (Burd & Simon 
(2000)). The X-component velocity at the inflow boundary is kept 
constant when swirl is added. 

In this study, swirl is introduced at the nozzle inlet by setting 
the Y-component velocity v to zero, by keeping the X-component 
velocity u the same as the no swirl case, and by adjusting the Z- 
component velocity w to produce the desired swirl angle (8 = tan" ! 
w/u). Three swirls were simulated (Fig. 5): no swirl (baseline; 
referred to as NS), one linearly varying swirl angle with 9 = +30° 
on the upper contoured endwall and -30° on the lower flat endwall 
(SI swirl), and one linearly varying swirl angle with 9 == -30° on 
the upper endwall and +30° on the lower endwall (S2 swirl). The 
SI swirl (Figs. 5(b) and 5(c)) produces positive angles of attack on 
the airfoil from mid-span to the upper endwall, and negative angles 
of attack from the mid-span to the lower endwall. The S2 swirl 
produces negative angles of attack on the airfoil from mid-span to 
the upper endwall, and positive angles of attack from the mid-span 
to the lower endwall. ^ 

All surfaces of the airfoil and endwalls are maintained at a 
constant temperature T w of 270 K. The average static pressure at 
the nozzle outlet is maintained at 1 atm (P^f — 101325 Pa). A 
summary of the cases studied is given in Table 1. 

PROBLEM FORMULATION 

The flow and heat transfer in the nozzle guide vane described 
in the previous section are modeled by the ensemble-averaged 
conservation equations of mass (continuity), momentum 
(compressible Navier-Stokes), and total energy for a thermally and 
calorically perfect gas with Sutherland's model for viscosity and a 
constant Prandtl number. These ensemble-averaged equations were 
closed by the Shear-Stress-Transport (SST) turbulence model 
(Menter (1991, 1993)). The SST model is a Wend of the k-co model 
in the near-wall region and the k-e model further away from the 
waiL Though the SST model uses the k-o) model in the near-wall 
region, dependence on freestream k has been eliminated. Also, a 
limiter is introduced to control overshoot in k with adverse pressure 
gradients so that separation is predicted more accurately. 

The SST model does not require explicit damping in the near- 



wall region because co becomes very large as the wall is 
approached. In this study, integration of the conservation equations 
as well as the turbulence model is made all the way to the wall (i.e., 
wall functions are not used). The boundary conditions (BCs) used 
on all walls are no-slip (zero velocity), isothermal walls (constant 
T w ), and zero turbulent kinetic energy. The dissipation rate per 
turbulent kinetic energy, co, on the wall is set to 6GVp where P 
equals 3/40 and £ is the normal distance of the first grid point from 
the wall in which that first point must be within a y + of one. Other 
BCs are as follows (see Fig. 2): At the inflow (nozzle inlet), the 
velocity, temperature, k, and £0 are specified (see Problem 
Description). At the outflow (nozzle outlet), the average static 
pressure is specified, but the pressure gradients in the Y and Z 
directions are extrapolated. Also extrapolated are densjty, vjejocjty, 
k, and ox At the two planes denoted as periodic boundaries, 
periodic boundary conditions are imposed: 




Fig. 4. Fillet configurations studied. CI no fillet C2 merge on 
airfoil. C3: merge on endwall. 




(a) (b) (c) 

Fig. 5. Illustration of swirls investigated, (a) No swirl with \fl x 
profile, .(b) SI swirl (2D view), (c) SI swirl (3D view). 
S2 is just the opposite of SI and so is not shown. 
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Table 1 . Summary of Cases Studied* 



Case 


Fillet 


Swirl Angle 


No. 


Configuration 


(degrees) 


Cl-NS 


no fillet 


no swirl 


Cl-Sl 


no fillet 


SI: +30 to -30 


C1-S2 


no fillet 


S2: -30 to +30 


C2-NS 


merge on airfoil 


no swirl 


C2-S1 


merge on airfoil 


Si: +30 to -30 


C2-S2 


merge on airfoi] 


S2: -30 to +30 


C3-NS 


merge on endwall 


no swirl 


C3-S1 


merge on endwall 


SI: +30 to -30 


C3-S2 


merge on endwall 


S2: -30 to +30 



* Mi = 0.05, Ti= 300K, T w = 270 K, P ref = 101325 Pa. 



NUMERICAL METHOD OF SOLUTION 

Solutions to the conservation equations were obtained by 
using a cell-centered finite-volume code called CFL3D (see 
Thomas, et al. (1990) and Rumsey & Vatsa (1993)). This research 
code, developed at NASA - Langley Research Center, is widely 
used in the aerodynamics community, and has been validated by 
the authors for gas-turbine heat transfer studies (see, e.g., Lin, et al. 
(2001), Lin & Shih (2001) and Shih & Sultanian (2001)). In this 
code, all in viscid terms are approximated by the third-order flux- 
difference splitting of Roe (1986) with limiters. Flux-difference 
was used so that numerical diffusion would be much smaller than 
physical diffusion. All diffusion terms are approximated 
conservatively by differencing derivatives at cell faces. Since only 
steady-state solutions are of interest, time derivatives were 
approximated by the Euler implicit formula. The systems of 
nonlinear equations that resulted from the aforementioned 
approximations to the space- and time-derivatives were analyzed 
by using a diagonalized alternating-direction implicit scheme 
(Pulliam & Chaussee (1981)) with local time-stepping and three- 
level V-cycle multigrid (Anderson et al. (1988)). 

The domain of the nozzle-guide vane investigated (region 
within the solid lines in Fig. 2) is represented by a multi-block 
structured grid system made up of five H-H grids. Figure 6 shows 
the overall grid for the case without fillets, and Fig. 7 shows the 
grids with the fillets. The number of grid points used is 1,658,685 
for all cases summarized in Table 1. The number and distribution 
of the grid points used were obtained by satisfying a set of rules 
established by developers of numerical methods and turbulence 
models to ensure accuracy. These rules include having at least five 
grid points within a y + of 5 with the first point within a y + of unity 
and having constant grid spacing next to walls for at least three grid 
points to resolve turbulent boundary layers. Other rules include 
aligning grid lines with flow direction as much as possible and 
keeping grid-aspect ratio near unity in regions with recirculating 
flow. As a further test, grids were refined by a factor of 25% in 
each direction for Cases Cl-NS, C2-NS, and C3-NS. This test 
showed the predicted pressure difference in the stagnation pressure 
from inflow to outflow boundary normalized by the stagnation 
pressure at the inflow boundary to vary by less than 2% when 
compared to the more refined grids. 




Fig. 6. Multiblock grid system used. Not all grid lines shown. 









•*• > is 5 




t . 
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Fig. 7. Grid system about the airfoil/flat-endwall junction. Not all 
grid lines shown, (a) CI. (b) C2. (c)C3. 



RESULTS AND DISCUSSION 

The objective of this study is to use CFD to investigate 
secondary flows induced by leading-edge airfoil fillet and inlet 
swirl and how they affect aerodynamic loss and surface heat 
transfer in a nozzle guide vane. The goal is hot to mmirnize 
secondary flows, but rather to see if secondary flows can be 
harnessed in a positive way. To accomplish this, nine CFD 
simulations were performed (see Table 1). Results of these 
simulations are summarized in Table 2 and displayed in Figs. 8 to 
14. In the following, we first examine if fillets and swirl can affect 
aerodynamic loss and surface heat transfer in a positive way. 
Afterwards, we examine the mechanisms involved. 

Aerodynamic Loss and Surface Heat Transfer 

Table 2 summarizes a number of integrated results obtained 
from all simulations performed: the change in the average 
stagnation pressure from the nozzle inflow boundary to the nozzle 
outflow boundary (AP^^i^), the net pressure force acting on the 
airfoil, the net surface heat transfer rate (Q) on the airfoil and the 
two endwalls, and the percent change in mass flow rate through the 
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Table 2. Summary of Aerodynamic Loss, 
Surface Heat Transfer, and Change in Mass Flow Rate* 



Case 




Qcootoui 


Qflat 


Qairfoil 


Am 


No. 


(Pa) 


(W) 


(W) 


(W) 


m 


Cl-NS 


3006.2 


3104.6 


3075.1 


2214.9 


0.00% 


Cl-Sl 


1707.8 


2076.9 


2033.0 


1948.8 


1.74% 


CI-S2 


1668.8 


1697.1 


1727.3 


1804.4 


i.92% 


C2-NS 


1714.2 


2083.7 


2077.9 


1909.6 


1.74% 


C2-S1 


1865.2 


1843.2 


1773.2 


1832.7 


1.87% 


C2-S2 


1718.8 


1830.7 


1811.5 


1819.1 


1.87% 


C3-NS 


1688.7 


1976.5 


1953.6 


1847.6 


1.81% 


C3-SI 


1682.4 


1803.0 


1708.0 


1810.0 


1.90% 


C3-S2 


1706.3 


1767.4 


1763.5 


1792.6 


1.90% 



APsiagiuiion is the change in stagnation pressure from nozzle 
inlet to exit (Fig. 2). Qj is the net heat transfer rate from 
surface i (i denoted airfoil, contoured & flat endwall). Arh/m 

= (m-fn C i-Ns V m ci-Ns is increase in mass flow rate relative 
to baseline case Cl-NS. 



nozzle guide vane relative to the baseline case of Cl-NS (i.e., 
Arh/m = (m-m cl _ NS )/m cl . NS ). AP$*gw»km is taken to be a 
measure of the aerodynamic loss. From this table, the effects of 
inlet swirl and leading-edge fillets on aerodynamic loss and surface 
heat transfer can be assessed. 

The effects of inlet swirl without the complication of fillets 
can be evaluated by comparing Cl-NS (baseline: no fillets and no 
swirl) with Cl-Sl (no fillets, SI swirl) and C1-S2 (no fillets, S2 
swirl). This comparison shows that when swirl is added, APsta^^,, 
is reduced by 43.2% for SI and by 44.5% for S2. Surface heat 
transfer is also greatly reduced by swirl. On the airfoil, Q is 
reduced by 12.0% for SI and 18.5% for S2. On the endwalls, the 
reduction in Q is even more, 33.5% for S 1 and 44.6% for S2. Thus, 
both S 1 and S2 swirls are quite effective in reducing aerodynamic 
loss and surface heat transfer. Though aerodynamic loss is greatly 
reduced with SI and S2 swirls, the increase in mass-flow rate 
through the nozzle-guide vane is quite small, less than 2%. This is 
because the boundary layers next to solid surfaces account for a 
small fraction of the flow-path cross-section. Note that the results 
for SI and S2 differ because of the contouring of one endwall 
upstream of the airfoil. Basically, if the contouring is bn the top 
wall, then it is more advantage to have a swirl that produces a 
negative angle of attack for that endwall. 

The effects of leading-edge fillets on aerodynamic loss and 
surface heat transfer can be evaluated by comparing Cl-NS 
(baseline: no fillets and no swirl) with C2-NS (C2 fillet, no swirl) 
and C3-NS (C3 fillet, no swirl). This comparison shows that 
AP s , ag „ation is reduced by 42.9% for the C2 fillet and by 43.8% for 
the C3 fillet. For surface heat transfer on the airfoil, it is reduced 
by - 13.8% for the C2 fillet and 16.6% for the C3 fillet. The 
reduction in Q on the endwalls is even more, 32.7% for C2 fillet 
and 36.4% for C3 fillet. Again, though aerodynamic loss decreases 
considerably, increase in mass flow rate is less than 2%. 

Thus, it can be seen that both leading-edge airfoil fillet and 
inlet swirl can significantly reduce aerodynamic loss and surface 



heat transfer on its own. The effects of having both swirl and fillet 
can also be evaluated. By comparing, C2-S1 and C3-S1 with Cl- 
Sl, we see the C2 fillet tends to increase and the C3 fillet tends to 
decrease aerodynamic loss slightly. Both C2 and C3 fillets further 
reduced surface heat transfer with C3 fillet reducing slightly more. 
By comparing, C2-S2 and C3-S2 with C1-S2, we see both C2 and 
C3 fillets tend to increase instead of decrease aerodynamic loss and 
surface heat transfer by a small percentage. The poorer 
performance of C2 and C3 fillets for S2 swirl may indicate that 
fillet shape needs to be optimized with respect to swirl. Since the 
reduction in aerodynamics loss and surface heat transfer is small 
when we have both swirl and fillets, 

Induced Secondary Flows 

In this section, we examine the size and intensity of the 
secondary flows induced by inlet swirl and leading-edge fillets. 

Since a reduction in aerodynamic loss and surface heat 
transfer for a given airfoil configuration/passage is often attributed 
to reduced secondary flows, we examine the secondary flows 
induced by inlet swirl and fillets. Figure 8 shows the cross-flow 
velocity vector and magnitude in an A-A plane perpendicular to the 
airfoil flow passage near the trailing edge of the pressure surface. 
From part (a) of this figure, the following can be observed. For the 
case without fillet and without swirl (Cl-NS), the cross flow is 
asymmetric because of the contouring on the upper endwall. By 
adding SI swirl (which produces greater positive angle of attack at 
the upper endwall), this asymmetry is greatly enhanced with a 
corresponding increase in size and intensity of the cross flow. With 
the S2 swirl (which produces a negative angle of attack at the upper 
endwall), the asymmetry is reversed with the cross flow being 
larger near the lower endwall (denoted as flat) instead of the upper 
endwall (denoted as contoured). Though S2 swirl produces 
considerably less cross flow than SI swirl, both SI and S2 produce 
more cross flow than the case without swirl. 

By comparing C2-NS and C3-NS with Cl-NS in parts (a), (b), 
and (c) in Fig. 8, it can be seen that adding fillets also does not 
reduce the cross flow. Cross flow size and magnitude increased 
slightly with the C2 fillet arid decreased slightly with the C3 fillet. 
If swirl is added with the fillets, then cross flows are enhanced but 
less than when there are no fillets. 

Figure 9 shows streamlines approaching the airfoil's leading 
edge near the airfoil/flat-endwall junction. From that figure, it can 
be seen that the fillets investigated do not eliminate or minimize 
horseshoe vortices. Not shown is that the swirls investigated also 
do not eliminate or reduce horseshoe vortices. Both swirl and fillet 
tend to push the horseshoe-vortex structure further upstream of the 
airfoil's leading edge. This is consistent with the observations 
made by previous investigators (e.g., Pierce, et al. (1988), 
Devenport, et al. (1990), Pierce & Shin (1992)). 

Since horseshoe vortices at the airfoil's leading edge/endwatl 
junction and cross flows at the airfoil's trailing edge were not 
diminished and yet aerodynamic loss and surface heat transfer are 
reduced significantly, this must mean that the mechanism 
responsible for reduction is much more complex than just the size 
and intensity of secondary flows. The fact that the size and 
intensity of secondary flow alone do not tell the whole story should 
not be unexpected. This is because the streamwise component of 
the velocity is so much greater than the cross-flow components. 
But, secondary flows, especially those near the airfoil/endwall 
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junctions could affect the flow structure and the evolution of the 
boundary layers, which do affect significantly the aerodynamic loss 
and surface heat transfer. 

Flow-Structure Near Endwalts and Airfoil Surface : 

In this section, we examine the flow structure near the 
airfoil/endwall junction with and without swirl and with and 
without fillets. Figure 10 shows the pressure contours on the 
airfoil/flat endwall and the velocity vectors very close to those 
surfaces (y+ between 10 and 20). From this figure, it can be seen 
that both swirl and fillets increase the pressure and the size of the 
high-pressure (stagnation) region on the endwall about the airfoil's 
leading edge. When there is no fillet, even SI swirl with negative 
angle of attack increases the pressure there. With S2 swirl, which 
provides a positive angle of attack at the flat endwall, the increase 
is even more substantial. The imposed SI and S2 swirls increase 
the magnitude and the size of the high-pressure region on the 
endwalls about the airfoil's leading edge because they increase the 
kinetic energy of the approaching flow, especially in the region 
close to the endwall (see Fig. 5). The fillets investigated increase 
the extent of the stagnation region on the endwalls by geometrically 
extending the airfoil forward. This increased pressure, whether 
from swirl or from the fillet, is why horseshoe vortices form further 
upstream of the airfoil. Figure 1 1 shows how swirl affects the 
streamlines very close to the endwalls. From this figure, the extent 
of the upstream influence of the airfqils's leading edge can clearly 
be seen. The increased size of the stagnation zones on the endwalls 
about the airfoil's leading edge lowers the flow speed and velocity 
gradients there, which in turns reduces turbulence production. This 
could be one of the main reasons for the reduced aerodynamic loss 
and surface heat transfer on the endwall. However, there may be 
other reasons or a point of diminishing returns. This is because 
Fig. 10 shows C2-S1, C2-S2, C3-NS, C3-S1, and C3-S2 to have 
larger regions of higher pressure on the endwall than those from 
CI -SI or C2-NS, but have comparable aerodynamic loss and 
surface pressure. 

On the airfoil surface, the swirls and fillets investigated shift 
the location of maximum pressure on the airfoil surface further 
downstream of the geometric leading edge near the endwalls. 
Moving the location of the stagnation zone downstream of the 
geometric leading edge, where the airfoil is flatter, can be 
significant. This is because the boundary-layer thickness at the 
stagnation zone is finite (> 0), whose value depends on the surface 

curvature. As a first approximation, that thickness is 2.Wv/X 
from the similarity solution of the Hiemenz flow, where v is the 
effective kinematic viscosity and X depends on surface curvature. 
If the surface is flat, then X = U„ , where U_ is the speed of the 
approaching flow far upstream of the surface. For a cylindrical 
surface of radius r 0 , X can be approximated by 2U_ /r e . Thus, the 

flatter the surface, the larger is the boundary-layer thickness at the 
stagnation zone. With a larger boundary-layer thickness, the 
boundary-layer development on the airfoil from the stagnation zone 
will be different since the gradients will be less. This could explain 
why aerodynamic loss is reduced on the airfoil. 

When there is swirl, Fig. 8 shows the cross flow from the 
pressure to the suction surface reaches the suction surface if the 
angle of attack from swirl is positive near that endwall. This is 
because when the angle of attack is positive, static pressure on the 



pressure surface near the endwall is increased, which increases the 
pressure difference between the pressure and suction surfaces. If 
the angle of attack is negative near an endwall, then Fig. 8 shows 
the cross flow to not reach the suction surface. This is because 
when the angle of attack is negative, the pressure on the suction 
surface near the endwall is increased. This increased pressure 
diverts flow away from the suction surface, causing the cross flow 
from the pressure surface to lift off from the endwall before 
reaching the suction surface. This can be seen in Figs. 8 and 1 1. 

Distribution of Heat Transfer Coefficient 

Figures 12 to 14 show the computed heat transfer coefficient 
on the airfoil and the endwall surfaces. When there is no swirl and 
fillets, Fig. 12 (Cl-NS) shows that the heat-transfer coefficient is 
high on the airfoil's suction surface near the blade-to-blade throat 
region (i.e., where the normal distance between blades is the 
minimum) because of the high-speed flow there. Heat transfer rate 
is also high on the parts of the suction surface airfoil next to the 
endwalls because of the small-scale secondary flows there, 
transporting hotter fluid from the mainstream to the airfoil surface. 
On the endwalls, the heat transfer rate is high everywhere except 
about the stagnation region next to the pressure surface of the 
airfoil, where the velocities near the surface have been reduced. 
The above explanations are the traditional ones, which apply for the 
case without swirl and fillets. 

When there is swirl and fillet, Figs. 12 to 14 show that the 
locations of where heat transfer rate (q) are high and low are 
similar to the case without swirl and fillets with two exceptions. 
The first is the reduced size of the region with higher q, and the 
second is markedly reduced magnitudes of higher q. These 
differences can be linked to the secondary flow structures induced 
by swirl and fillets. 

When there is swirl, fillet, or both, Figs. 12 to 14 show q to be 
reduced on the endwall about the airfoil's leading edge because of 
the increased size of the high-pressure (stagnation) region, which 
produced lower flow speeds and gradients. The maximum q on the 
airfoil's suction surface near the blade-to-blade throat region is 
reduced as well. Either swirl or fillet was also found to reduce q on 
the airfoil's pressure surface near the trailing edge: 

When there is only the fillet and no swirl, q is still high on the 
parts of the suction surface airfoil next to the endwalls because of 
the small-scale secondary flows there, which is similar to the case 
without swirl and fillet (compare Cl-NS with C2-NS and C3-NS). 
With swirl, q there can be reduced considerably, especially on the 
suction surface next to the flat (lower) endwall (compare Cl-NS 
with CI -SI andCl-S2). 

When there is swirl and no fillet, Fig. 12 (CI -Si and C1-S2) 
shows q to be higher on the lower or upper part of the airfoil 
suction surface depending upon SI or S2 swirl. Also, one endwall 
has lower q than the other. The asymmetric heat transfer 
coefficient on the airfoil surface and endwalls is a clear sign of the 
effects of a large-scale secondary flow with a continuous versus a 
broken thermal boundary layer along the airfoil and endwalls. 
Swirl also reduces cross flow on one endwall. 

SUMMARY 

Computations performed show that inlet swirl and leading- 
edge fillet can reduce significantly aerodynamic loss and surface 
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heat transfer. This study shows that the size and the intensity of the 
secondary flows alone do not tell the whole story about 
aerodynamic and heat transfer. The swirls and fillets investigated 
were found to increase the size of the stagnation region on the 
endwall about the airfoil's leading edge. It also modified the 
stagnation region on the airfoil pressure surface and the boundary 
development from there. Fillets accomplish this geometrically. 
Swirl accomplishes this by increasing kinetic energy near the 
endwall region and by modifying the angles of attack. 
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Fig. 8. Cross flow velocity vector and magnitude in plane A-A. 
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Fig. 10. Surface pressure and velocity vector near surface (y+ between 10 and 20) at a irfoil/flat-endwall junction. 




Fig. 11. Streamlines near the endwalls and the mid-plane with SI swirl (no fillets), 
(a) contoured endwall. (b) mid-plane, (c) flat endwall. 
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